This paper presents the results of tests carried out to determine how the dosage of bentonite added as binder, affects the properties of green pellets made of the limestone fines that originate from Lithothamnium limestone processing. Bentonite was added to limestone in different mass fractions (1, 2.5, 5 and 10%), whereas all the other parameters of the pelletizing process remained constant. The aim of pelletizing was to consolidate limestone fines and form mechanically stable pellets, provided that all the other properties of limestone remain unchanged. The pellets formed in this way were analysed applying DTA/TG analysis and FTIR and SEM analyses. The results showed uniform distribution of bentonite in the pellets, demonstrated that the pellets are compact and there is no formation of new compounds. The pellets were tested for resistance to impact, compressive strength and abrasion resistance. Also disintegration tests were performed to determine the time required for the pellet to disintegrate completely in water. These mechanical properties are essential for transport, handling, storage and general use of pellets. The values of most of the parameters established for pellets with 5% bentonite, meet the standards required for use in agriculture for liming acid soils, however their application is limited because their impact resistance is unsatisfactory and the time required for their complete disintegration in water is extremely short. It should be noted that further increase of bentonite content (over 10%) will not improve the quality of green pellets. In view of the results obtained, it is necessary to introduce drying into the pelletizing process in order to bring the green pellets into solid state. One of the most important parameters of soil fertility is substitutional acidity. At the global level over 60% of the arable land can be classified as acid. This is due to the geological substrate and other natural factors, but it can also be attributed to industrial development and irresponsible attitude towards the environment [1] . In Serbia, without Vojvodina and Kosovo and Metohija, 13% of the land is extremely acidic (pH < 4), 17% highly acidic (pH 4-4.5), 30% medium (pH 4.5-5.5) and 22% is slightly acidic (pH 5.5-6.5), and only 18% has a neutral and an alkaline reaction [2] . In Vojvodina acid soils average is 14.2% and, depending on the area affected, acidity ranges from 1.9% (North Bačka) to 35.1% (South Srem) [3] . Soil pH value has a decisive impact on the dynamics of nutrients and heavy metals that are present in the soil. In acid environments, large
quantities of heavy metals are liberated into the soil solution, which may be toxic to plants. This is the reason why in spite of larger investments in standard scientific farming methods it is impossible to achieve the desired results. The yield can be significantly increased by increasing the pH value to 6.5 with chemical ameliorating measures -adding calcium, which substantially reduces the heavy metal-induced toxicity. By adding limestone to the soil, calcium reacts with carbon dioxide and water from the soil, thereby forming calcium and magnesium carbonates. Further, this causes a reaction with the acidic colloidal complexes, wherein the calcium and magnesium replace hydrogen, and aluminium. These reactions produce carbon dioxide and increase the pH value of the soil to a satisfactory level [4] .
Limestone has a very wide and varied use to raise the yield and product quality in all "acid" soils, in crop production, fruit growing, viticulture, horticulture and forestry. The aim is to achieve an optimum pH value of the soil (pH in a standard KCl solution ranges from 5 to 5.5) [5] .
Bearing in mind that for such purposes mainly fine limestone, obtained from different filter plants, is used, the biggest problem is its dissipation during transport and handling. Besides, this powdery material is also easily dispersed by wind from the land surface. On the other hand, limestone should be fine enough as to be dissolved by the impact of weathering and evenly spread on the soil.
In order to meet both requirements it is necessary to consolidate finer limestone grades. This is usually achieved by pelletization and briquetting, which provide appropriately sized material, suitable for transport, handling and use, but also fine enough to be dissolved under the influence of weathering and moisture from the soil and spread evenly on the soil.
The advantage of using pelletized limestone instead of crushed limestone fines consists in its easier use (no dusting, possible application in all weather conditions) and lower consumption of pellets (the ratio is 1:10 [6] ).
The methods for material consolidation can be widely used and therefore this area is the matter of interest of numerous researchers [7] [8] [9] [10] . The goal of controlled consolidation of fine materials is to improve the product quality. In general, the agglomerates are produced to improve the physical properties: density, homogeneity, strength, compressive resistance, shape, appearance, etc.
The required values are determined by standards or other norms. Methods are selected depending on the type of material to be consolidated an on desired properties of the agglomerate; briquetting (consolidation under pressure), sintering (thermal consolidation) or pelletizing (consolidation by rotation). The adhesion forces between the particles forming the agglomerate have a decisive role and determine the strength of the agglomerate [11] .
Sastry and Fuerstenau [12] have performed a comparative analysis of the mechanisms of adhesion. Given that the adhesion forces are different, at sufficiently large separating forces (e.g., elastic reactive forces, flow forces, friction-induced or shock-induced forces) the forming of the agglomerate is possible only when the adhesion forces are at their peak.
In case of consolidation by rotation, i.e., pellet forming on a rotating plate or disk (which is the case here) the particles accumulate in spherical agglomerates. The pellets so formed are dried in order to achieve the necessary strength. Usually, the quality of pellets is determined depending on their use [13] and typically the following properties are tested: shape size, mechanical strength, porosity and surface area.
In order to obtain agglomerates (pellets and briquettes), which are formed from Lithothamnium limestone it was necessary to conduct a series of tests. This paper presents the results of tests that were performed to analyse the formation of pellets that involved addition of bentonite as a highly viscous material. Bentonite is clay which has high viscosity and at the same time the presence of this material has no negative effects on soil properties. [14] .
EXPERIMENTAL

Initial samples
For these tests the researchers used lithothamnium limestone from the deposit Dobrilovic near Loznica. The bentonite, used as binder is from the deposits Sipovo.
Testing methods
The atomic absorption spectrophotometer Perkin Elmer"-Analyst 300 was used to determine the chemical composition (Al 2 O 3 , Fe 2 O 3 , MgO, Na 2 O and K 2 O). Volumetric method was applied to determine CaO content, while SiO 2 content and a loss on ignition (900 °C) were determined by the gravimetric method (SRPS.B.B8. 070).
The mineralogical analysis of limestone was performed on a Carl Zeiss, model JENAPOL-U, polarisation microscope in reflected and transmitted light by the immersion method (immersion xylene) with qualitative identification of present minerals. The magnification of the objective lens ranges from 3.2 to 50×.
Particle size distribution was determined mechanically by dry sieving on a series of screens.
The NETZSCH 409 EP was used for thermal analysis of samples. To be able to compare quantitatively the mass loss, the samples were first dried for 2 h at 60 °C and then kept in a desiccator for 24 h at an air humidity of 25%. After that the samples were thermally treated at temperatures ranging between 20 and 1000 °C and at the heating rate of 10 °C/min. The experiments were conducted in an air atmosphere and the mass of each sample was 100 mg.
Infrared spectroscopic tests were performed with the Thermo-Fisher Scientific Nicolet IS-50. Prior to measurement, the samples were dried in an oven at 110 °C for 24 h. The attenuated total reflectance (ATR) technique was used for measurements in the range between 4000 and 400 cm -1 with 32 scans at a resolution of 4 cm -1 . When measurements had been completed it was necessary to make two corrections; the atmospheric correction for the removal of gas signals (CO 2 and H 2 O) and automatic baseline correction.
SEM analyses were performed with the JEOL JSM--6610LV scanning electron microscope equipped with INCA energy dispersive X-ray spectrometer (EDS) and with a 20-kV electron gun. The samples were immersed in gold (layer thickness -15 nm, density -2.25 kg/m 3 ).
Pelletizing equipment
Toni Technik planetary-motion mixer was used to homogenize limestone samples with the binder. Lime-stone pelletizing was conducted on Eirich TR 04 laboratory pelletizing plate, (plate diameter 40 cm, edge height 10 cm, possible adjustment of plate inclination angle from 30 to 90°, variable speed from 0 to 90 min -1 ). RETSCH vibratory feeder was used to simulate continuous dosing of homogenized material on the pelletizing plate.
Description of the pelletizing process
In order to be prepared for the pelletizing process, the initial samples must be homogenized. This is a precondition that must be met in order to obtain pellets of uniform composition during pelletizing. Limestone is homogenized with the required amount of bentonite, without adding any water. After that, the homogenized sample is by means of the RETSCH vibratory feeder continuously fed on to the pelletizing plate, where the necessary amount of water is added using sprayers. During pelletizing experiments, the measured water content in all 4 samples was the same, i.e., 80 ml per sample.
The plate inclination angle (50°) and the number of revolutions (40 min -1 ) were constant, while the quantity of the binder varied. Formed "green" pellets were stored for 24 h at room temperature.
Test methods for mechanical properties of pellets
Tests for pellet mechanical properties include; impact resistance, compressive strength, abrasion resistance and the time required for the pellet to disintegrate completely in water.
Impact resistance is tested by dropping a 100-g pellet sample 25 times from the height of 457 mm on to a 9-mm thick steel plate, after which the sample is sieved on a 2-mm mesh screen, whereat the mass of screen undersize should not exceed 5% (more rarely 10%) of the total mass of the sample [4] .
Compressive strength is tested on 10 pellet samples using a standard laboratory hydraulic press in order to determine the maximum pressure that the pellet can withstand without breaking. With many years of experience in limestone agglomeration, the company Mars Minerals, obtained results, which therefore may be deemed as reliable, showing that pellets are able to withstand a minimum of 0.5 kg, which is considered as satisfactory for further handling [4] .
Pellet abrasion resistance is tested by sieving a 100-g pellet sample on a laboratory mechanical device, i.e., a 2-mm mesh screen, for a period of 5 min. After that it was possible to determine that the mass fraction of 2-mm particle size should not exceed 5% of the total mass of the sample [4] .
The disintegration of pellet in water is tested by immersing three pellet samples from each group into the water, at room temperature and measuring the time required for the pellet to completely disintegrate in water.
RESULTS AND DISCUSSION
Limestone pelletizing process, using bentonite as a natural, highly viscous binder is tested in order to determine the cost-effectiveness of green pellet production with properties that meet the agricultural requirements in terms of acid soils liming. Basic requirements are related to mechanical impact resistance (handling, loading/reloading), compressive resistance (transport and storage) abrasion resistance (transport) and slow disintegration of pellets in atmospheric conditions (rain, snow and humidity). Empirical literature was used for reference values [4] .
Properties of initial samples
The chemical composition of limestone and bentonite samples is given in Table 1 .
The mineralogical composition of limestone is as follows: calcite, quartz, clay minerals, and limonite. Calcite is of organogenic origin, mainly crypto-crystalline. Fragments of fossil remains appear with a minor presence of quartz. Limestone is poorly clayed and limonated. Based on the results of limestone chemical and mineralogical composition it may be noted that limestone is of organogenic origin, with the presence of clayey components. Precisely due to these properties, this specific type of limestone is suitable for use in agriculture, especially considering its solubility in water, as opposed to other types of limestone. [15] .
In terms of size both samples are 100% finer than 100 µm.
Four composite samples were formed by mixing limestone as calcium fertilizer and bentonite as binder with the following limestone to bentonite mass ratio:
• Sample 1: 99:1%;
• Sample 2: 97,5:2,5%;
• Sample 3: 95:5%;
• Sample 4: 90:10% The particle size distribution of pellets obtained by agglomeration on pelletizing plate is shown in Table 2 .
The preferred size of limestone fertilizer pellet is 3-15 mm [11] . Tests were made with pellets larger than 2 mm and it was evident that pellets with 5% of binder have the smallest percent of the unfavourable particle size -2+0 mm. The use of pellets made of limestone and bentonite as binder depend on their mechanical properties, which provide stability during transport, handling and storage and resistance to disintegration in water, thus ensuring its slow dissolution. At the same time, pelletizing should primarily change the particle size, but not the structural properties of limestone.
Control of homogeneity and structure of the limestone formed into pellets
For the formation of a usable pellet it is important to provide a uniform distribution of the binder within the material that is to be pelletized. In order to verify this it was necessary to perform microscopic tests. Scanning electron microscopy (SEM) analyses were conducted on samples with the lowest and the highest bentonite content (1 and 10%) . The results of these analyses are presented in Figure 1 , which also includes comparative SEM micrographs of the sample 1, with different magnifications: a) 400, c) 1000, e) 5000 and g) 10000×, and of sample 4 with the same magnifications.
At the comparatively displayed SEM micrographs of samples 1 and 4, it may be noticed that no macroscopic and microscopic difference is visible between those samples, although there is a big difference in the mass fraction of the binder. This can be explained by the fine size of the initial material and good homogenization of samples. In order to verify whether the homogenization process was carried out properly, as a precondition for quality palletizing, mapping was performed on the SEM device on the same pellet samples. Mapping included Al and Si, which are typical for the binder (bentonite). Their uniform distribution over the mapped area of the limestone pellet sample demonstrates sample homogeneity. Mapping results are comparatively shown in Figure 2 . If limestone structure changes during palletizing, the pellet can become useless so, to determine and avoid this occurrence, additional (DTA, TG, FT-IR and SEM) analysis of previously described samples were conducted.
The results of differential thermal analysis (DTA) of initial limestone and bentonite samples, and of the limestone pellet samples with different contents of bentonite (1, 2.5, 5 and 10%) are shown in Figure 3 while the results of the thermos-gravimetric (TG) analysis are shown in Figure 4 .
DTA curve of the initial bentonite sample illustrates the peaks characteristic for bentonite from the deposit Sipovo. The endothermic peak with a minimum at 136° is related to dehydration and loss of adsorbed water and water that coordinates exchangeable cations in the interlayer. This process entails a mass loss of 15% (Figure 4) occurring within the temperature interval of 20--300 °C. Endothermic peak with a minimum at 529° is the result of dehydroxylation and loss of structural water. This process entails a mass loss of ∼4% occurring in the temperature interval of 300-600° (Figure 4) . The endothermic peak with the minimum at 742° results from the presence of carbonates, while the mass loss from 600 to 1000° is due to their combustion. Endothermic-exothermic peak at 871 and 888° is characteristic of bentonite and originates from phase bentonite transformation. This process does not entail a change in the TG diagram. In the DTA curve of the initial limestone, it is possible to observe an endothermic peak of high intensity with a minimum at 894° and it originates from the oxidation of carbonates. This process entails a mass loss of ∼44% (Figure 4) . The DTA curves of pellets with different bentonite content, show peaks typical for limestone, without major displacement. Increased bentonite content tends to decrease the peak intensity typical for limestone. The peaks typical for bentonite were not observed in samples 1 to 4, due to low bentonite content and significantly decreased intensity of peaks. Besides, due to a relatively low mass fraction of bentonite, the results of TG analysis show no major difference in mass change, compared to the initial limestone sample.
The results shown in Figures 3 and 4 lead to the conclusion that the addition of bentonite as binder to limestone in the pelletizing process and the increase of its mass fraction have no impact on the thermal properties of the initial limestone sample.
The results of FTIR (Fourier-transform infrared spectroscopy technique) analysis of initial limestone and bentonite samples and of limestone pellet samples with different bentonite contents are shown in Figure 5 .
The graphic display of FTIR band of the initial bentonite sample contains peaks typical for bentonite from Sipovo deposit. The band with maximum at 3382 cm In the infrared spectrum of the initial limestone sample it is possible to observe bands typical for calcite. In the wave numbers field from 3000 to 700 cm -1 there are bands of varying intensity. In calcite, the carbonate functional group is linear (space group D 3h ), and non-linear with the number of atoms N = 4 with 3N-6 = 6 basic vibrations, of which N-1 = 3 have valence. The symmetrical valence vibration ν 1 is infrared inactive.
The wide and strong band at approx. 1430 cm -1 is attributed to the asymmetrical valence vibration ν 3 , which is doubly degenerated (ν  3a and ν 3b ). The sharp band at 873 cm -1 belongs to deformation vibration ν 2 of the linear carbonate group. The ν 4 is per deformation type, a doubly degenerated vibration (ν  4a and ν 4b ), for which within the spectrum, the band at 709 cm -1 is typical. In the infrared spectrum of the pellet samples 1-4 in addition to the spectral lines characteristic of limestone, of unchanged intensities and positions there are also lines typical for bentonite, whose intensity increases with increasing bentonite content in the samples. The results presented in Figure 5 indicate that during the pelletizing process that produced samples 1-4, there are no significant changes in the structural properties of initial limestone and bentonite samples.
Mechanical properties of pellets
Once the tests confirm that limestone and bentonite are sufficiently well-mixed and homogenous, and that the pelletizing process and binder had no impact on limestone structural properties, all the conditions have been met to test the mechanical resistance of the formed pellets. All the formed pellets contain different limestone to bentonite ratios and the results obtained after testing the impact resistance of pellets are shown in Figure 6 .
Obviously, none of the samples satisfied the set standard, since the quantity of screen undersize after 25 free drops was far above the required 5-10%. This data suggests that handling (loading, shipping) green pellets will represent a problem, i.e., pelletizing could not be considered as the most suitable method of consolidation in cases that involve multiple loading and reloading of pellets.
The results of specific compressive strength tests are presented in Figure 7 .
The results presented in Figure 4 show that the average values for compressive strength (kg/pellet) grow almost linearly, from samples with 1% (0,507 kg/pellet) to samples with 5% of binder (1,511 kg/pellet). After that point, this value decreases, so that in case of the sample with 10% of bentonite it amounts to 0,589 kg/pellet. Based on the results presented herein, it is possible to conclude that the samples meet the requirement for a minimum compressive strength of 0.5 kg/pellet and that 95:5 has proven to be the best limestone to bentonite mass ratio. Good compressive strength indicates that there will be no problems with the storage of green pellets.
The graphic display of the results obtained after testing the pellet abrasion resistance is presented through the content of the -2+0 mm particle size, and it is given in Figure 8 .
The results shown in Figure 8 clearly suggest that the best abrasion resistance is obtained if the content of bentonite in pellets is 5%, however pellets with 10% demonstrate lower abrasion resistance. Bearing in mind that the mass of 2-mm screen underflow should range from 3 to 5%, it can be concluded that samples with 5 and 10% of bentonite meet the requirements, whereas the samples with low binder content are at the very threshold in terms of abrasion resistance.
Graphical display of test results that show the dissolution of pellets in water is given in Figure 9 . Tests have established the time required for complete disintegration in water depends on binder content.
The results indicate that the pellets obtained from Lithothamnium limestone with bentonite as binder, regardless of the mass fraction of the binder, will dis- integrate rapidly in water, at room temperature. This practically means that limestone pellets spread over the field will dissolve after the first big rain or if the limestone is used to regulate pH values in fishponds it may be expected that the disintegration will be very quick.
The overall results obtained after testing the mechanical properties of "green" pellets are given in Table 3 . Consequently, the green pellets obtained have a satisfactory compressive strength and abrasion resistance, but unacceptably poor properties in terms of impact resistance and time required for their disintegration in water, regardless of the binder fraction. Among analysed pellets, the best results are obtained if the limestone to bentonite mass ratio is 95:5. The practical applicability of so obtained green pellets is rather limited.
CONCLUSION
Experiments in pelletizing of lithothamnian limestone fines, with fractions 100% -100 µm, were carried out on a pelletizing plate in a continuous process, with the addition of bentonite as a highly viscous binder. The pellets obtained in this way were tested for impact resistance, compressive strength, abrasion resistance and time required for their complete disintegration in water. The pellets were then analysed applying DTA/TG analysis, FT-IR and SEM analyses.
DTA/TG analysis, FT-IR and SEM analyses conducted on formed pellets indicated that the structural properties of initial limestone and bentonite samples are slightly changed, that the distribution of bentonite in pellets is uniform, that the pellets are compact and there is no formation of new compounds. All the previous suggests that adhesion forces in this process were stronger than the flow and friction-induced or shock--induced forces and as a result the pellets obtained of lithothamnium limestone proved to be of desired quality.
Test results of the mechanical properties of pellets showed that the pellets obtained do not meet the usual standards required for pellets used in agriculture for acid soils liming. Among the specimens tested, the pellets with 5% bentonite gave the best results. Namely, the compressive strength of pellets with 5% bentonite was 1.511 kg/pellet (the minimum required is 0.5 kg/pellet), while the abrasion resistance was 0.84% (to a maximum of 5%).
Impact wear is 59.69%, which is several times more than the allowed maximum of 10%, the time required for disintegration in water is 57 s, which is very short. Tests proved that the mechanical properties of green pellets cannot be improved by increasing the share of bentonite. The tests showed that the mechanical properties of green pellets can be improved by drying, but this significantly increases the costs of the palletizing process.
